Abstract The effects of mildly acidic conditions on the free energy of unfolding (v vG buff u ) of the pore-forming alpha-hemolysin (K KHL) from Staphylococcus aureus were assessed between pH 5.0 and 7.5 by measuring intrinsic tryptophan fluorescence, circular dichroism and elution time in size exclusion chromatography during urea denaturation. Decreasing the pH from 7.0 to 5.0 reduced the calculated v vG buff u from 8.9 to 4.2 kcal mol 31 , which correlates with an increased rate of pore formation previously observed over the same pH range. It is proposed that the lowered surface pH of biological membranes reduces the stability of K KHL thereby modulating the rate of pore formation. z 1999 Federation of European Biochemical Societies.
Introduction
Alpha-hemolysin (KHL, also referred to as alpha-toxin) is a major exotoxin produced by pathogenic strains of the Grampositive bacterium Staphylococcus aureus. The toxin is secreted as a hydrophilic monomer, which in vivo binds to a receptor on target cell membranes, and oligomerizes to form a transmembrane pore (reviews [1, 2] ). At higher concentrations in vitro, KHL binds to arti¢cial membranes and the investigation of this interaction has yielded detailed information concerning the pore-forming process [3] . Following initial membrane association, KHL undergoes a conformation conversion and oligomerizes to form a heptameric non-lytic prepore [4, 5] . A subsequent conformation change in the pre-pore complex results in the formation of a fully lytic heptameric transmembrane pore [6, 7] . A wealth of evidence has demonstrated that a central glycine rich region of the protein (residues 118^142) inserts into the membrane bilayer to form the walls of the pore, with the bulk of the heptamer remaining exposed to the solvent [8^16]. The crystal structure of the KHL heptamer reveals that the central glycine rich region from each monomer forms a two-stranded anti-parallel Lsheet which contributes to a 14-stranded L-barrel the lumen of which constitutes the transmembrane pore [17] .
The factors which in£uence the conformation changes of the membrane associated KHL are poorly understood. The negatively charged phospholipid, glycolipid and glycoprotein contents of biological membranes result in the formation of an electrostatic double layer, where the concentrations of positively charged ions and protons are signi¢cantly higher at the membrane surface in relation to the bulk solvent (e.g. reviews [18, 19] ). Previous spectroscopic studies of KHL in solution have demonstrated that below pH 4.0 a biphasic structural transition occurs, during which the protein assumes properties consistent with those of a`molten globule' state, and it has been suggested that reduced pH at the membrane surface may trigger a partial unfolding of KHL which in turn leads to pore formation [20, 38] . This hypothesis may be feasible for model membranes with high negative surface charge densities ( s 30.4 C m 32 ); however, calculations based on ChapmanGouy theory predict that negative charge densities similar to those in biological membranes (30.05 to 30.1 C m 32 ) result in a more modest pH reduction of 1.0^1.5 units in the region of the phospholipid headgroups relative to the bulk solvent [21^23]. These predictions have been con¢rmed experimentally both in model [22, 24] and cell membranes [22] . Therefore, in order to determine the e¡ects of pH changes over a physiological range, we have examined the thermodynamic stability of KHL using urea equilibrium unfolding as monitored by intrinsic tryptophan £uorescence, circular dichroism and size exclusion chromatography over the pH range 5.0^7.5.
Materials and methods

Protein puri¢cation
KHL was puri¢ed from culture supernatants of S. aureus strain Y1090 transformed with plasmid pDU1212 using a combination of ammonium sulfate precipitation and cation exchange chromatography as previously described [25] . Aliquots of puri¢ed protein were stored at 320³C for further use. Protein purity was routinely evaluated by silver staining of SDS-PAGE gels, which con¢rmed the protein remained in the monomeric state during puri¢cation and storage.
Intrinsic tryptophan £uorescence emission (ITFE) spectroscopy
KHL samples at a ¢nal concentration of 10 Wg ml 31 were prepared in 20 mM acetate (pH 5.0 and 5.5) or 20 mM sodium phosphate (pH 6.0^7.5) bu¡ers in the presence of 150 mM NaCl. For equilibrium denaturation experiments, the urea concentration in individual samples was increased over the range 0^6 M by dilution of a 10 M stock solution of re-crystallized urea prepared in the same bu¡er at the given pH. ITFE spectra were measured in the wavelength range 310^450 nm using a Hitachi F2000 spectro£uorimeter, with an excitation wavelength of 295 nm and excitation and emission slits set at 5 nm. Experiments were performed at 298 K, and all spectra were corrected by subtraction of the spectrum from the equivalent bu¡er at the given urea concentration. The observed spectral centers of mass, C obsd M , of the ITFE spectra were calculated according to:
where I V 31 is the £uorescence emission intensity at wavenumber V 31 . These values of C obsd M were used to estimate the Gibbs free energy between the native and unfolded protein states (vG buff U ) in bu¡ers at all pH values assuming a two-state unfolding model for a monomer [26, 27] . In this model C obsd M is related to the denaturant concentration, [D] , by the expression: 
Circular dichroism (CD)
Samples containing a ¢nal protein concentration of 10 Wg ml 31 were prepared in bu¡ers at pH 5.0 and 7.0 containing 0^6 M urea as described previously for the £uorescence experiments. The CD at 218 nm was measured with a Jasco 900 spectropolarimeter using 1 mm pathlength quartz cuvettes by integration of the signal over a 60 s period. The temperature was maintained constant at 298 K, and in all cases a correction was made by subtraction of the integrated signal measured from a bu¡er blank over the same time scale. The observed changes in the CD signal at 218 nm (C 
Size exclusion chromatography (SEC)
Unfolding of KHL was monitored by measuring the elution time using a Sepharose 6B (Pharmacia, Uppsala, Sweden) column (1.6 cmU35 cm) in pH 5.0 and 7.0 bu¡ers during the application of a linear gradient of urea over the concentration range 0^6 M. KHL at a concentration of 2.0 mg ml 31 in the appropriate bu¡er without urea was injected in 100 Wl aliquots at pre-determined time intervals during the gradient run. The application of the mobile phase was maintained at a constant rate of 0.3 ml min 31 , and the elution time of the protein was measured by continuously monitoring the A 280 of the eluate.
Results
The ITFE spectra for native KHL over the pH range 5.07 .5 show a constant maximum emission wavelength (V max ) of 336 nm, which is consistent with previously reported values of the native protein [20, 25] . In order to determine if a reduction in pH resulted in tertiary structure changes, both quenching of the ITFE by iodide and the quantum yield of aniline-8-sulfonic acid (ANS) were measured over the pH range 5.0^7.5. No signi¢cant changes were observed in either experiment, which con¢rms the results of previous investigations [20] and indicates that in the absence of urea no detectable changes in tertiary structure occur over the pH range studied. The addition of urea to a ¢nal concentration of 6 M results in a red shift in the V max to 352 nm with a concomitant decrease in emission intensity due to the increased exposure of tryptophans to the aqueous solvent. The red shift in the ITFE on addition of urea results in a decrease in the spectral center of mass (COM), and these data are represented in Fig. 1 as the fraction of native protein (f nat ) for experiments over the pH range 5.0^7.5. Fig. 1 includes both the experimentally determined values of f nat and curves derived from the non-linear least squares ¢tting of the data using a two-state unfolding model for a monomer. At all pH values a clear transition between the native and unfolded states is observed, which occurs at progressively lower concentrations of urea as the pH is reduced from pH 7.5 to 5.0. The values derived for vG buff u and m D from these unfolding curves are shown in Table 1 . The KHL monomer contains eight Trp residues distributed both in the two principal domains (the so-called rim and cap domains, Trp residues are absent in the third transmembrane stem domain) and at the interface between these domains [17] . Changes in the microenvironments of all Trp residues will alter the form of the ¢nal ITFE spectrum, which in turn will in£uence the value calculated for the spectral COM. The COM is therefore sensitive to changes in the microenvironments of all Trp residues such as might be found in intermediate conformations in the unfolding process; however, the monophasic transitions observed in Fig. 1 indicate the absence of such intermediates under the experimental conditions used in this study. The changes in ITFE on unfolding of KHL were correlated with the changes in secondary structure as measured by CD at pH 5.0 and 7.0. The inset of Fig. 2 shows the far-UV CD spectra of KHL over the pH range 5.0^7.0 in the absence of urea, which are typical of a predominantly L-sheet protein in the native state and are similar to those described previously [20, 25] . No changes in the far-UV CD spectra were observed in the absence of denaturant over the pH range used in this study. However, the main panel in Fig. 2 illustrates the e¡ect of increasing concentrations of urea which result in a decrease in the ellipticity at 218 nm in bu¡ers at both pH 5.0 and 7.0, with a transition at lower urea concentrations for pH 5.0. The solid lines in Fig. 2 show the results of the non-linear curve ¢tting of the ellipticity data, and the values derived for vG buff u and m D from these ¢tted curves are shown in Table 1 derived from the non-linear curve ¢tting of the CD and ITFE data are presented in Fig. 3 , where the solid line represents the least squares ¢t of the Henderson-Hasselbach equation to the data which yields a pK a value of 6.2.
The changes in the secondary and tertiary structure of the KHL during urea-induced unfolding were correlated with changes in the elution time in SEC. At pH values of 5.0 and 7.0, increasing concentrations of urea from 0 to 6 M result in a decrease in the elution times for the KHL from V31 min to V27 min, with distinct pH-dependent transition regions. These changes are indicative of an increase in hydrodynamic radius, and the normalized elution times at pH 5.0 and 7.0 are presented in Fig. 4 together with the normalized CD and ITFE data as a function of urea concentration. The coincidence of the transition regions measured using CD and ITFE is matched by the transition measured by SEC, demonstrating that the loss of secondary and tertiary structure and the increase in the hydrodynamic radius are concomitant events. Although a slight divergence of the SEC data is observed in the ¢nal phase of the transition region, as shown in Table 1 the [urea] 50 values (the concentration of urea required for 50% denaturation) from all three techniques is comparable.
Discussion
Membrane damaging activity of the KHL is the consequence of the formation of a transmembrane pore, a process which has been extensively studied in vitro through the investigation of the interaction of the protein with arti¢cial membranes (e.g. [3] for recent review). Consequently, a detailed model of pore formation has emerged in which the initial membrane association event is followed by a sequence of conformation changes terminating in the formation of a fully lytic heptamer. Although much information is available concerning the structural changes during the pore-forming process, investigation of the physico-chemical factors which in£uence the conformation transitions in the KHL have received little attention. In this study, we have evaluated the e¡ect of changes in pH over a physiological range on the stability of the native state of the KHL through changes in the free energy of unfolding in bu¡er (vG buff u ). We have demonstrated that for a decrease in the pH over the range calculated for the approach and association of KHL to a biological membrane, the vG buff u of the protein is signi¢cantly reduced from 8.9 to 4.2 kcal mol 31 . Furthermore, in the absence of denaturant the ITFE and CD spectra con¢rm that the reduction in protein stability induced by the lowered pH is not accompanied by detectable alterations in either the secondary or tertiary structure. These results are in accord with recent di¡erential scanning calorimetry studies, which show that the melting temperature for the KHL decreases as the pH is reduced from 7.0 to 5.0 [28] .
These observations may be correlated with the crystal structures of KHL [17] and two other pore-forming toxins, staphylococcal LukF [29, 30] and protective antigen (PA) from Bacillus anthracis [31] . It is proposed that in the membrane associated PA pre-pore, mildly acidic pH facilitates the refolding of a greek key motif to form an extended L-hairpin structure, the tip of which traverses the membrane to form the walls of a heptameric transmembrane pore [31, 32] . Direct evidence of a similar structural change in KHL has been obtained by comparison of the individual subunits in the ¢nal heptamer structure with that of the monomeric form of the structurally similar LukF [29, 30] . In the case of PA, the loops and the L-strands which are proposed to undergo conformational change are rich in histidine residues, and the crystal structure of PA at mildly acidic pH demonstrates that a surface loop in this region becomes disordered [31] . It is noteworthy that the LukF and KHL were crystallized at neutral [30] and slightly acidic [7, 17] pH respectively, and a comparison of the two structures reveals that although the secondary and tertiary structure of the rim domain is essentially unaltered, the polypeptide backbone atoms in this region of the KHL structure display elevated crystallographic B-factor values. This demonstrates an increased mobility of this region in the KHL as compared to LukF and although crystal packing e¡ects cannot be excluded, it may suggest a correlation between decreased pH of the crystallization conditions and increased protein £exibility.
Previous studies have demonstrated that in solution at pHA4.5 the K-helical pore-forming domains of several bacterial pore-forming toxins, including colicins [33, 34] , exotoxin A [35] and diphtheria toxin [36] , adopt partially unfolded and more £exible conformations which are reminiscent of`molten globule' states. It has been suggested that upon association of these proteins with biological membranes, the reduced local pH triggers the formation of a partially unfolded state which is functionally associated with the pore-forming process [37] . On the basis of conformation changes observed over the pH range 3.5^4.0 both in solution and on association of the protein with liposome membranes with high negative charge densities, a similar mechanism has been proposed for the KHL [20, 38] . However, KHL retains pore-forming ability at pH 7.0 on liposome membranes with neutral net charge [39] , where a model based on a pH-triggered conformation change predicts that the local pH at the membrane surface is similar to the bulk phase and would prevent formation of a partially unfolded state. Nevertheless, recent ITFE studies have obtained evidence consistent with the formation of an intermediate with altered tertiary structure on membranes with net neutral surface charge at pH 7.0 [25] .
Results from these previous studies and those presented here would seem to imply that membrane binding rather than pH change over the physiological range triggers conformation change in KHL. However, pH does in£uence the rate of pore formation as demonstrated by conductance experiments using KHL on planar bilayers of lipids with neutral net charge [6, 40] , in which the maximum rate of pore formation occurs at bulk solvent pH values of 5.0^5.5, and decreases rapidly between pH 6.0 and 7.0 [40] . These results show a striking correlation with the pH values over which we observe the transition in vG residues for the correct oligomerization of the heptameric prepore and for subsequent pore formation [41^44] . We suggest that the reduced local pH in the vicinity of the membrane surface results in the protonation of key residues (possibly histidines) which leads to a reduction in the stability of the KHL. The reduced stability lowers free energy barriers between intermediate conformations of the protein with the consequent modulation of the rate of pore formation.
